Abstract-Spin probe electron paramagnetic resonance spectroscopy was used to investigate samples of highly porous cellulose (aerocellulose) that differ in the parameters of the porous structure and that were obtained via treatment of the crosslinked and noncrosslinked initial gels with supercritical carbon dioxide. It has been shown that the half width of the Gaussian distribution with respect to the correlation times of the rotational motion of the probe increases during treatment of the initial gels with supercritical CO 2 and amounts to two to three orders of magnitude. The sample obtained via the precrosslinking of the initial gel is characterized by the highest value of the half width of the distribution. The results show that cellulose with different characteristics of the porous structure can be obtained through treatment of the initial gels with supercritical CO 2 , changing the polymer concentration in the gel, and the introduction of crosslinks.
INTRODUCTION
Porous materials having micro and nanosized pores, as well as composite materials based on them, are in demand as active media in medicine, pharma ceutics, cosmetology, biology, materials science, and other fields. This circumstance is especially important during the solution of problems that require the use of biocompatible and biodegradable materials, such as three dimensional support matrixes for regenerative medicine [1] , containers for targeted drug delivery [2] , and safe biodegradable packaging and insulating materials [3] . These materials include solid porous polysaccharides, including cellulose, which is an envi ronmental friendly renewable raw material, a circum stance that has contributed to the significant increase in the number of studies related to its application for the development of materials for various purposes. Previously, porous cellulose was mainly prepared via freeze drying of gels [4] . In recent years, a method has been actively developed for the preparation of highly porous systems under the action of supercritical car bon dioxide, which has low critical parameters: a tem perature of 304.1 K and a pressure of 7.38 MPa. It is known that, at temperatures and pressures above the critical values, the substances combine the properties of liquids and gases. It is important that supercritical CO 2 is a sufficiently safe and environmental friendly reagent. This situation makes it possible to avoid the use of toxic solvents; that is why the supercritical tech nologies are usually associated with green chemistry.
Changing the parameters (temperature, pressure, exposure time) and the modes of supercritical CO 2 exposure (flow, stationary) makes it possible to affect the morphology of the formed porous structure in aerocellulose. Significant results were achieved in the creation of porous cellulosic materials having nano and microsized pores [5] [6] [7] [8] [9] [10] . When exposed to super critical CO 2 , aerocellulose may have porosity values that reach higher than 95%. The specific surface area of the pores may exceed 200 m 2 /g, and the density may fall in the range from hundredths to tenths of a gram per cubic centimeter, depending on the preparation conditions.
There are many methods for measuring the specific surface area and total pore volume: mercury porosim etry, low temperature nitrogen adsorption, and the Brunauer-Emmett-Teller method. In this study, an analysis of the possibilities of the EPR spin probe method in the study of the pore size distribution in samples of aerocellulose that were obtained under dif ferent conditions has been performed. Paramagnetic particles, i.e. stable nitroxyl radicals, have been used as probes. The main parameter that is obtained from the EPR spectra is the correlation time of the rotational diffusion of probes, τ [11] [12] [13] . The value of τ charac terizes the period of rotation of the particle at a suffi ciently large angle (~π/2). In addition, parameters such as the rate of rotation ν = τ -1 and the rotational diffusion coefficient D = (6τ)
-1 are applied. In [12] [13] [14] [15] [16] [17] , it was shown that, in the Т ≤ T g region of polymers, the intensity of rotation of spin probes is characterized by values of τ in the range 0.4-10 ns and is inversely proportional to the value of specific surface area S sp determined via the low temperature nitrogen adsorption method. Thus, for example, the rotation of a 2,2,6,6 tetramethylpiperidine 1 oxyl probe in PVA and PVC at T g is performed with a correlation time of 10 ns, and in the loosely packed polymers, τ values of the same probe are significantly lower (τ = 0.4 ns in poly(vinyl trimethylsilane), τ = 1.7 ns in polystyrene, and τ = 3.5 ns in cellulose) [12, [17] [18] [19] .
The results of studies [12, [15] [16] [17] , in which porous polymers based on polystyrene crosslinked with monochlorodimethyl ether were investigated, are evi dence of the relationship between the mobility of the probe and pore size. An increase in the amount of the crosslinking agent resulted in the formation of prod ucts with higher porosity (according to the mercury porosimetry data), but higher glass transition temper atures. It was found that the spin probe rotates faster with an increase in the total pore volume, despite the lower polymer segmental mobility, which is character ized by an increase in T g .
The results of the investigation of dehydrated syn thetic zeolites, which are crystalline mineral sorbents with well defined pore sizes, may be designated as additional compelling evidence of the relationship between the mobility of low molecular mass particles and the sizes of microvoids [18] . It was shown that CaX zeolites with a size of the input windows of 0.4 nm, i.e., less than the van der Waals radius of the TEMPO probe, did not sorb this radical. In NaX zeo lites with a size of the input windows of 10 nm, the TEMPO probe rotated at a high rate (τ = 2 ns) at room temperature. Similar results were obtained during the study of the mobility of TEMPO probes in the cavities of inclusion compounds (clathrates), such as thiourea and cyclohexane [20] .
Thus, the main factor that determines the rota tional mobility of particles in rigid porous systems is not their molecular mobility, but the parameters of the porous structure.
We applied the spin probe method to study highly porous cellulose samples.
EXPERIMENTAL TECHNIQUE Preparation of Aerocellulose Samples
In this study, Avicel PH 101 natural microcrystal line cellulose (FMC Corp.), NaOH (97% purity, Ald rich), acetone (99.98% purity) and ethanol (99.9% purity) (Bioblock), and CO 2 (99.9% purity, Air Liq uid) were used.
Aerocellulose samples AC 1, AC 2, and AC 4 were prepared from a 5% cellulose solution in a mixture of 8% NaOH and water (gel 1), and the AC 3 sample was prepared from a 7% cellulose solution in a mixture of the same composition (gel 2). The regeneration of the cellulose in all of the samples was performed in 25% aqueous ethanol at room temperature. The water in the gels, which is almost insoluble in supercritical CO 2 , was replaced with acetone to improve the drying of samples in supercritical CO 2 , because acetone is highly soluble in supercritical CO 2 .
Sample AC 1 was obtained via drying of gel 1 in air for 48 h at room temperature; sample AC 2 sample was obtained via drying of gel 1 in supercritical CO 2 . For example, the coagulated gel was placed in a 1000 cm 3 autoclave, the pressure of CO 2 was increased to 5 MPa, and the sample was heated to 310 K and kept at this temperature for 2 h. Then, the pressure was raised to 8 MPa, the sample was kept for 1 h, and a flow mode of pumping supercritical CO 2 at a rate of 5 kg CO 2 /h for 7 h was started. After that, the autoclave was slowly (for 12 h) depressurized (0.4 MPa/h at 310 K) to remove CO 2 to avoid water condensation and was cooled to room temperature. The dried aerocellulose samples were white solid porous cylinders.
Sample AC 3 was obtained via drying of gel 2 in supercritical CO 2 according to the procedure that was already applied for the AC 2 samples.
Sample AC 4 was obtained via crosslinking of gel 1 via the crosscoupling reaction in the presence of epichlorohydrin as a crosslinking agent. The drying was performed in the same manner as that in the case of AC 2 and AC 3 samples with the use of supercriti cal CO 2 .
The main parameters of the porous structure of AC 2 are known. They were determined earlier from the nitrogen adsorption isotherms at 77 K, which were recorded on an ASAP 2020 MP (Micromeritics USA) volumetric high vacuum unit within a relative pressure range from 10 -6 to 0.99 atm [10] . The total specific surface area calculated from the nitrogen adsorption isotherms at 77 K through the BrunauerEmmett-Teller equation was 196 m 2 /g, and the spe cific pore volume was 0.57 cm 3 /g. In addition, it was shown that the AC 2 sample does not have a narrow pore size distribution. The average pore diameter is 19 nm, and the specific pore volume is 0.94 cm 3 /g.
Selection of Spin Probes and Their Introduction into Samples
The nitroxyl radicals 2,2,4,4 tetramethyl 1,2,3,4 tetrahydro γ carboline 3 oxyl (carboline probe) (I) and 2,2,6,6 tetramethylpiperidine 1 oxyl (TEMPO) (II), whose structural formulas are given below, were used as spin probes. The van der Waals volumes of the radicals are ~257 and ~169 Å
